Abstract-In this paper, we present a system to estimate the health of a lead-acid car battery and warn the driver of upcoming battery failure in the near future. Most existing lead-acid battery state of health (SOH) estimation systems measure the battery impedance by sensing the voltage and current of a battery. However, current sensing is costly for parts and/or labor. A method to estimate SOH by sensing the battery voltage during a cranking event was proposed. Our system intends to improve a previous method. It measures the battery voltage during a cranking event, processes critical voltage points to estimate the SOH of the battery, and warns the driver of a potential upcoming failure.
INTRODUCTION
Car batteries wear out after several years, but advanced warning is unavailable in modern cars for an impending battery failure. A state of health (SOH) estimation system aims to warn the driver that the car battery has little life remaining, and so that they can arrange for a professional to test the battery and replace it, if necessary.
Electrical loads of a car, such as entertainment systems, can require a significant amount of power from the battery. As cars become more advanced, these loads increase. Additionally, many contemporary cars turn off their engines automatically instead of idling when stopped such as at a red light. This technology requires the battery to sustain all electrical loads of a car, when the alternator does not supply power. Further, it increases the frequency of engine starts, which is strenuous for the car battery. During engine starting or cranking, the battery current of a car is on the order of several hundred amperes and greater than 1 KA for some vehicles [1] .
The voltage and current of a lead-acid car battery in good health during a cranking event is shown in Fig. 1 [2] . When there is no current or load, the open circuit voltage (OCV) denoted as V0 (intercept voltage) in the figure is about 12 V. The straight line in the figure suggests that the impedance of the battery is an almost constant resistive impedance. Therefore, the car battery in Fig. 1 can be modeled as a 12 V source with a series resistor of 4 m .
II. REVIEW OF STATE OF HEALTH ESTIMATION SYSTEMS
Blanke et al. presented a method to determine state of charge (SOC) of car batteries, cranking ability, aging and modeling parameters using impedance spectroscopy [3] . Their method measures the voltage and current of the battery during normal use. They analyze current and voltage ripples due to the loads and alternator. The measured current and voltage ripples are processed to obtain the impedance of the battery at various frequencies. They showed that the most useful period of time for estimating SOH is during cranking. They prototyped a SOH monitor, whose results were satisfactory during vehicle testing. The device requires 10 mA current resolution over a range from 0.1 to 1,000 A [3] . This stringent current sensor requirement drives up the cost of the SOH monitor. There are numerous similar methods and even commercial products that measure voltage and current to estimate SOH [4] - [7] .
After identifying the resistive impedance shown in Fig. 1 , Grube investigated battery voltages during a cranking event to determine if a car battery needs replacement, needs charging, or is sufficient for use [2] . In a healthy battery, as shown in Fig.  1 , the relationship between voltage and current is practically resistive. An unhealthy battery has a more complex relationship as the voltage continues to drop even when the load is reduced. As a result, the voltage of a healthy battery increases from Valley 1 to Valley 2 as shown in Fig. 2 , while an unhealthy battery voltage would decrease. It is due to the chemical reaction for an unhealthy battery being unable to supply the required current to start a car. Grube's algorithm estimates the SOH of car batteries based on valley voltages during cranking. Fig. 2 illustrates the voltage waveform during cranking. The algorithm compares the battery voltage when the starter is engaged (Valley 1 in the figure) to the next local minimum voltage (Valley 2). SOH is inferred by comparing the difference between the two valleys ( V 2 ) with a threshold obtained from a lookup table based on the battery temperature. The SOH of the car battery is healthy if V 2 is larger than the threshold. In fact, Grube used a fixed threshold voltage of 0.7 V (instead of a lookup table) to reduce the complexity of a prototype [2] .
Grube confirmed that his algorithm did provide a timely warning. However, he states that further improvements are necessary to make it more reliable. With the fixed threshold, a failing battery may fail to give any warning if it is cranked on a hot day [2] . A lookup table with the temperature as its index would mitigate the problem.
III. PROPOSED SOH ALGORITHM
We propose an improved SOH algorithm, which accounts for the OCV, SOC, the first two valley voltages, and battery temperature. A flow diagram of the algorithm is shown in Fig.  3 . The first step of the algorithm is to wait until the battery voltage has settled. Once the battery voltage is settled, typically 30-60 minutes after the car is turned off, the algorithm measures and stores the ambient temperature and the battery voltage. Assuming the power dissipation of the load is negligible when the car is turned off, the battery voltage is close to the OCV. The SOC of the battery is estimated from a lookup table based on the OCV and the ambient temperature. Then, it waits for a cranking event. A cranking event is identified by the steep down-slope of the battery voltage that is caused by the first engaging of the starter motor. After the start of the cranking event, the algorithm measures and records the first two valley voltages. Once the valley voltages are identified, the algorithm waits to see if the car starts within several seconds. This is identified by the battery voltage rising above 13 V. Once successfully started, it proceeds to estimate the SOH using lookup tables and notifies the driver if the SOH is unhealthy.
A. Battery SOC Estimation
The minimum settling time of a battery's OCV is about 30 minutes at 25 °C based on our experiments, and the settling time increases at lower temperatures. The proposed SOH estimation system samples the battery voltage at 200 Hz with a 12-bit analog-to-digital converter. When the voltage change within one hour is less than 0.1 V, the system considers that the battery voltage is settled.
The battery SOC can be obtained from a lookup table with the battery OCV and the battery temperature as indices. The OCV of a battery is close to the battery voltage if the load current is negligible. In practice, a terminal battery voltage of a car can be used as the OCV when the car is turned off. For example, the maximum expected current of a car is 50 mA, when it is turned off [8] . The voltage drop with a 50 mA load is only 200 μV for a battery with the internal resistance of 4 m . The SOC error due to a 50mA load is lower than 0.1%.
B. Crank and Valley Detection
The proposed SOH algorithm identifies the beginning of a cranking event by comparing two consecutive average sample values, in which each average sample value is the moving average of four consecuitve samples. If the difference between two consecutive average sample values is greater than 0.25 V (which is equal to 50 V/s for the sampling rate of 200 Hz), a crank event is detected. According to our experiments, a typical voltage waveform during a cranking event exhibits a voltage slope in excess of 100 V/s.
Once a cranking event is identified, the algorithm identifies valleys in the voltage waveform. It locates a sequence of five samples arranged in a 'V' pattern with at least 2.5 mV between each pair of points. After the first two valleys are identified, V 1 and V 2 , as indicated in Fig. 2 , are calculated. Note that V 1 is the difference between the OCV and the first valley voltage.
C. Battery SOH Estimation
The proposed SOH algorithm considers four parameters: the ambient temperature, SOC, V 1 , and V 2 . It obtains three threshold values from lookup tables with the first three parameters: ambient temperature, SOC and V 1 as indices. The sum of the three threshold values is compared with V 2 to 
1) Temperature Consideration
A lower ambient temperature leads to a slower chemical reaction in the battery. A higher threshold is set for a higher temperature so that it prevents a battery from passing consistently at high temperatures, but then failing if it is operated in cold weather. The threshold values listed in Table I aim to prevent such cases. These thresholds denoted as V th1 were developed by comparing the performance of aging batteries in our battery tests described in Section IV. The threshold value of temperatures lying in between two temperatures in the table is obtained through the linear interpolation.
2)
V 1 Consideration If the first voltage drop ( V 1 ) during a cranking event is small, V 2 must also be small. So, a small V 1 implies a healthy battery. The opposite case is that if V 1 is large, the battery is likely unhealthy regardless of a large V 2 . Threshold values denoted as V th2 in Table II intend to account for this characteristic. The values were developed by examining the data from our battery tests. Our experiments showed that V 1 is about 3 V for typical batteries during cranking. So, negative V th2 values are assigned to V 1 smaller than 3 V, which makes V 2 less sensitive in the SOH estimation. Threshold values not specified in the table are obtained through linear interpolation.
3) SOC Consideration
The SOC of a battery is estimated using a lookup table with the OCV and temperature as indices for the proposed algorithm. A battery with a low SOC and a failing battery tend to exhibit a similar symptom and generate similar voltage waveforms during cranking. However, batteries with a low SOC should not fail if they are indeed healthy. Healthy batteries with a low SOC should merely be charged, either with an external charger or by driving the car. Threshold values listed in Table III intend to account for the situation, and a lower threshold value is assigned to a lower SOC. These thresholds denoted as V th3 were developed empirically based on our battery testing results, and threshold values not specified in the table are obtained through linear interpolation.
4) V 2 Consideration
The three threshold values obtained from the lookup tables (V th1 , V th2 , and V th3 ) are added together to obtain a single threshold value V th , as in (1) . Note that the unit of all threshold values in (1) is mV.
(1)
The resultant threshold value V th is compared to V 2 to make a binary decision on the SOH of the battery. If V 2 exceeds V th , the battery is considered healthy. Otherwise, the battery is considered unhealthy.
IV. EVALUATION OF THE PROPOSED ALGORITHM

A. Battery Aging
We performed accelerated battery aging with 20 batteries to develop lookup tables and verify the correctness of the algorithm. Two batches of ten batteries were aged and tested until they failed to start cars. We followed the Society of Automotive Engineers standard test procedure, SAE J240: "Life Test for Automotive Storage Batteries" for the aging process [9] . The steps we adopted for our aging process are described below briefly.
Keep the body (except the two terminals) of the batteries in a heated 75 °C water bath during the following process.
Step 1. Charge batteries to 14.8 V with 25 A for 10 minutes.
Step 2. Discharge batteries with 25 A for 5 minutes. Repeat the above two steps of 15-minute cycles for 100 hours (or 400 cycles).
Step 3. Install each battery on a car, and measure and record the voltage waveform during cranking. Repeat the above steps for each battery until it fails to start a car.
The aging and testing process took several months for each batch of ten batteries.
B. Battery Aging Testbench
A block diagram of our charging and discharging test bench is shown in Fig. 4 . It consists of one master and four load controllers, where each load controller can charge or discharge up to three batteries simultaneously. The master controller polls each load controller and records the current and voltage of each battery being aged on the host PC for later review. 
C. Prototype of the Battery SOH Estimator
The proposed battery SOH estimator was prototyped with a microcontroller for proof of concept, and is shown in Fig. 6 . The carrier board is a TI Launchpad with an ARM Cortex M4 microcontroller with 256 KB of RAM and a clock speed of 120 MHz [10] . It should be noted that the microcontroller is more powerful than necessary for the algorithm.
The DC input header at circle "A" in Fig. 6 includes a voltage divider and a low pass filter. Circle "B" shows an SD memory card for data logging. Though not necessary for a final design, data logging was paramount for testing the algorithm. Circle "C" is a real-time-clock module, which also incorporates a backup battery to maintain the clock for years. Circle "D" is an analog temperature sensor. Circle "E" contains four LEDs, which indicate the OCV being checked, the OCV being stable, SOC being measured, and the state of health (healthy or unhealthy) of the battery.
D. Experiment Set Up and Measurement Results
A battery is fully charged after each 100 hours of aging, and then it is installed on a car and tested by starting the car. During testing, a USB oscilloscope (Digilent Analog Discovery) was used to measure and record the voltage waveforms in addition to the own data logging of our SOH estimation system. The USB oscilloscope is configured to sample at 10 kHz to allow sufficient resolution for postprocessing of the data.
A total of 20 batteries were aged and tested. Battery voltage waveforms of a battery for six consecutive battery tests are illustrated in Fig. 7 , and the battery failed at the seventh test. The data obtained from the waveforms, along with the ambient battery temperatures, are given in Table IV . Both Valley 1 and Valley 2 voltages in Fig. 7 tend to reduce as the aging process advances. More importantly, V 2 (Valley 2 -Valley 1) voltages, which are the basis for the proposed SOH estimation, decrease with age. The criteria used for the proposed algorithm, ( V 2 -V th ), reduces steadily with age, which is an indication on the robustness of the proposed algorithm. Note that OCVs, which indicate the charge level of the battery at the time of testing, remain about the same until the battery fails finally.
Assuming the life expectancy of a battery is five years, each aging cycle of 100 hours corresponds roughly to two to three months of battery life based on our experiments. It is desirable to give a warning to the driver about six months in advance before the battery fails. So, the proposed algorithm aims to give a warning two to three aging cycles in advance, and it works ideally for this particular battery as shown in Table IV . In practice, it would be necessary to warn a driver after the SOH estimation system detects a consecutive number of fails, which improves the reliability of the proposed system and can be implemented easily. 
E. Service Life Estimation
It is an interesting and legitimate question for a driver to ask the period between the first warning from the proposed SOH estimation system and the actual failure of the battery. The period depends on many parameters such as how often the car is driven, the weather, and the engine characteristics. In addition, a battery failure is not deterministic; a battery that failed to start a car one day may be able to start the car the next day due to reasons such as the temperature, state of the battery and the engine. Therefore, it is impractical to predict the remaining battery service life accurately. So, a practical performance metric for a SOH estimator is that a battery evaluated as a failure by the estimator is evaluated as "replace soon" when the battery is checked at a battery service center. Then, the warning from the SOH estimator is useful for the driver.
V. CONCLUSION
Grube proposed an algorithm to estimate the SOH of leadacid car batteries based on voltage waveforms during cranking [2] . The SOH of a car is inferred by comparing the difference between the two valleys (or V 2 ) with a threshold value from a lookup table based on the ambient battery temperature. The algorithm provides timely warnings, but needs to improve further for higher reliability.
We proposed an improved SOH algorithm, which accounts for the SOC, and the voltage drop to the first valley (or V 1 ) as well as V 2 and the ambient temperature. The algorithm obtains the SOC from a lookup table based on the settled battery voltage and temperature. Upon detection of a cranking event, it obtains three threshold values from lookup tables: one based on the temperature, another one based on V 1 , and the third one based on the SOC. The sum of the three threshold values is compared with V 2 to decide the SOH of the battery, healthy or unhealthy.
The proposed algorithm was prototyped with a microcontroller to develop lookup tables and ultimately for proof of concept of the algorithm. We aged 20 lead-acid car batteries in an accelerated manner, and the prototype was tested with the batteries during the aging process. Experimental results indicate our SOH estimation system is reliable and useful to estimate SOH of batteries. To apply the proposed algorithm in the real world, fine tuning of the algorithm followed by field testing would be necessary, which is open for future research. 
